Production of chitosan was conducted using two Mucoralean strains, Mucor racemosus and Cunninghamella elegans. Chitosan was extracted from mycelia of M. racemosus and C. elegans at different growth phases on YPD medium. In both fungi, chitosan was rapidly produced, while highest yield of extractable chitosan was found in 24h of cultivation in submerged culture. The yield of chitosan isolated from dry mycelia of M. racemosus was about 40% higher than from C. elegans. The degree of N-acetylation of chitosan was 49% in M. racemosus and 20% in C. elegans, and the D-glucosamine contents were about 48% and 90%, respectively.
INTRODUCTION
Chitosan is a natural polymer derived from chitin, the principal fiber component of the exoskeleton of shellfish. It is a polysaccharide formed primarily by repeated units of β (1-4) 2-amino-2-deoxy-D-glucose (or D-glucosamine). Chitosan can be also found in the majority of Mucoralean fungi (Zygomycetes) (15, 16) . In Mucor rouxii it is the principal fiber polymer of the cell wall in addition to chitin (2) . It has been isolated from Absidia coerulea (5, 8) and other Mucoraceae strains (14) . Chitosan in cell walls is produced through enzymatic deacetylation of chitin. N-deacetylation is a common step in the modification of sugar chains, which may confer resistance to lysozyme action (10) . Chitosan has great potential in agriculture, medicine, biotechnology and pharmaceutical industries. The development of applications for chitosan in drug delivery has expanded rapidly in recent years (6, 12, 17) . The process of producing commercial chitosan involves several steps, such as, taking the shells of crustaceans, grinding them to a fine powder and deacetylating hours. The experiments were made in duplicate. Samples (50 ml) were collected in 24 hours intervals for biomass determination using thermogravimetric analysis and for chitosan extraction. Filtrates were used for pH determination and D-glucose consumption measurements (enzymatic method -glucose oxidase, BIOCLIN).
Chitosan extraction and analyses
Mycelia from both fungi harvested by vacuum filtration, washed with distilled water and freeze-dried. Chitosan extraction was a simplified version of the procedure carried out by White et al. (18) . The dry mycelia were homogenized and deproteinized with NaOH 1M in 95% ethanol (1:2) at 100ºC for 90 minutes. HCl 1M was added to the precipitate at 95ºC for 5h. The pH was adjusted to 8.5 with 1M NaOH to precipitate chitosan.
The IR spectra of chitosan were carried out using the KBr disc method in a Bruker IFS 66 spectrometer. Based on the infrared spectrum the degree of acetylation (DA) was determined according to Roberts (13) , using the absorbance ratio A 1655 /A 3450 and calculated according to the following equation:
A (%) = (A 1655 /A 3450 ) x 100 / 1.33
Spectrophotometric measurements of D-glucosamine residues in chitosan extracted from fungi were analysed. Samples (10 mg) of chitosan were hydrolysed with hydrochloric acid (HCl) 4M for 12h at 90ºC, and the content of D-glucosamine estimated at 530nm as described (3).
RESULTS AND DISCUSSION
Under submerged culture, for both fungi the maximum chitosan yield from mycelia mass was obtained early in the growth phase. Within 24h, Mucor racemosus produced a chitosan yield of 35.1mg/g dry mycelia weight and Cunninghamella elegans 20.5 mg/g dry mycelia weight ( Figs. 1 and 2 ). The growth curves of filamentous fungi M. racemosus and C. elegans were similar, particularly in the exponential phase. However, the hyphae grew only at the tips, so not all hyphae length contributed to growth. Both fungi presented diauxie growth. This effect was suggested by glucose source that induced the synthesis of enzymes required for its utilization. At the same time, this effect repressed the synthesis of enzymes required for yeast extract utilization. This effect stopped when all glucose source has been metabolised, within 50h of growth.
By the end of growth, the biomass (dry weight) of C. elegans and M. racemosus were 2.5g/100 ml and 1.5g/100 ml, respectively. However, chitosan production did not increase further with biomass.
The decline of the extractable chitosan after 24h, as shown in Fig. 1 , could be due to physiological changes in the fungal cell wall. Higher chitosan yields in initial growth stages suggest that the chitosan formed by chitin deacetylase prevailed in these stages. It may be possible that during initial growth chitin is less crystalline and thus more susceptible to this enzyme (4). In M. rouxii, White et al. (18) reported chitosan yields ranging from 6 to 9% of the dry mycelia weight, using 12h of extraction period with hydrochloric acid. In our results, the maximum yields reached 3.5% and 2.0% of the dry cell weight for M. racemosus and C. elegans, respectively, using only 5h for chitosan extraction. Tan et al. (16) studied different Zygomycetes strains and observed that Cunninghamella echinulata was the best chitosan producing strain among all fungi, with a yield of approximately 7.0% of chitosan per mycelia dry weight.
During growth of both fungi the pH of the media drops in the first 24h, stowing high metabolic interchange between the medium substrate uptake and the release of ions from the cells. Furthermore, in Mucor racemosus the pH reached 5.6 in the last hours of cultivation. Higher yields of chitosan were found within 24 hours of cultivation of both fungi at pH 3.5, which seems to be also a stimulating agent for production of this biopolymer ( Figs. 1 and 2 ). In addition, Rane and Hoover (11) reported that the pH of the culture influenced the yield and the degree of Nacetylation of chitosan from Absidia coerulea, probably due to the optimum pH of the chitin deacetylase, enzyme that converts chitin to chitosan in fungal cell wall. According to Kafetzopoulos et al. (7) , optimum pH for chitin deacetylase activity from Mucor rouxii is pH 4.5. The data in the present work are in agreement with Miyoshi et al. (9) , i.e. the chitosan production by the microorganisms is strongly dependent of the culture conditions, including cultivation time.
Chitosan analysis
In this study, the fungi fractions were analysed by IR spectrophotometry. Based on the spectrum the N-acetylation degree of the cell wall chitosan was estimated, as described by Roberts (13) . The profiles of infrared spectrum of the insoluble fractions extracted from cell walls were quite similar to those presented by commercial chitosan (Sigma) (Fig 3) . The peaks at 2300 cm -1 in Figs. 3b and 2c were due to CO 2 interference. The degree of N-acetylation, estimated based on the ratio between the absorbance of the amide II band at approximately 1655cm -1 and the C-H band at 3450cm -1 , was found to be around 20% in C. elegans after 24h. However, M. racemosus presented a higher degree of N-acetylation (49%) after 24h. Similar degrees of N-acetylation for chitosan produced from shellfish chitin were reported (13) . These results are in agreement with Miyoshi et al. (9) who reported 59% and 35% degrees of N-acetylation for M. rouxii and C. blakesleeana, respectively.
Quantitative analysis of D-glucosamine from hydrolysis of chitosan from mycelia wall of M. racemosus and C. elegans were carried out by Blix method (3). The D-glucosamine contents are shown in Table 1 . Yields varied from approximately 50 to 90% of the fungi fraction, according to the age of the culture. In C. elegans, the highest D-glucosamine content (90.0%) was found in 24h culture. Synowiecki (15) found that chitosan from Mucor rouxii contained 81.3% D-glucosamine and the degree of acetylation was 27.3%. However, for M. racemosus, the Dglucosamine content was 58.0% in 24h and degree of NAcetylation was 49%.
Based on these results, we concluded that mycelium of Cunninghamella elegans is a good source of chitosan. The maximum production and the achievement of the desired physicochemical properties, such as same degree of acetylation found in chitosan extracted from crab shells, were obtained in 24h. Chitosan production from this fungus can be further optimised to improve yield in large-scale production. The conditions of extraction and processing (strength, time and acids) can also be optimised. Genetic manipulation of the fungal system in the near future may also increase the production of this important biopolymer. Table 1 . D-glucosamine contents of chitosan isolated from Mucor racemosus and Cunninghamella elegans grown in rotary shaker (100 rpm) at 28ºC using YPD medium (BartinickGarcia, 1968).
